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Abstract 


Three new catalysts have been prepared in order to study the active phase influence in ethanol steam reforming reaction. Nickel, cobalt and 
copper were the active phases selected and were supported on zirconia with monoclinic and tetragonal structure, respectively. To characterize the 
behaviour of the catalysts in reaction conditions a study of catalytic activity with temperature was performed. The highest activity values were 
obtained at 973 K where nickel and cobalt based catalysts achieved an ethanol conversion of 100% and a selectivity to hydrogen close to 70%. 
Nickel supported on tetragonal zirconia exhibited the highest hydrogen production efficiency, higher than 4.5 mol H,/mol EtOH fed. The influence 
of steam/carbon (S/C) ratio on product distribution was another parameter studied between the range 3.2-6.5. Nickel supported on tetragonal 
zirconia at S/C = 3.2 operated at 973 K without by-product production such as ethylene or acetaldehyde. In order to consider a further application 
in an ethanol processor, a long-term reaction experiment was performed at 973 K, S/C = 3.2 and atmospheric pressure. After 60 h, nickel supported 


on tetragonal zirconia exhibited high stability and selectivity to hydrogen production. 
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1. Introduction 


Hydrogen is a clean and free carbon energy vector that can be 
used directly in thermal combustion engines or converted into 
electrical energy by fuel cells. The advantages of fuel cells in 
comparison with other energy systems, come from the fact that 
their efficiency is much higher than other energy systems. This 
is so, as they are not submitted to a Carnot cycle and water is 
only obtained as final product [1]. The development of fuel cells 
as a very profitable technology is inevitably linked to the devel- 
opment of efficient fuel processing systems to obtain hydrogen, 
the most valuable fuel for this type of devices. These advantages 
may represent the key to diminish the environmental problems 
by reducing the greenhouse effect and therefore the earth global 
warming effect. 

To achieve these environmental goals, it is indispensable 
to produce hydrogen in a clean way. Nowadays, hydrogen is 
obtained from hydrocarbon reforming (85% natural gas steam 


* This paper presented at the 2nd National Congress on Fuel Cells CONAP- 
PICE 2006. 
* Corresponding author. Tel.: +34 91 5854793; fax: +34 91 5854760. 
E-mail address: mjbenito @icp.csic.es (M. Benito). 


0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved. 
doi: 10.1016/j.jpowsour.2007.01.047 


reforming) and electrolysis processes, the last one with very low 
efficiency [2]. As fossil fuels have carbon atoms in its composi- 
tion, its steam reforming produces carbon oxides that contribute 
to greenhouse effect, therefore fuel reforming is not a great 
advance to solve environmental problems [3]. 

An attractive option to obtain hydrogen is to use renewable 
energy sources. In this way, ethanol obtained from biomass 
fermentation (farm remainders, crops, etc.), is an optimum 
candidate to be used as a hydrogen source [4]. Due to its 
origin, bioethanol is a renewable energy source because it is 
obtained from plants that can capture carbon dioxide produced 
in bioethanol reforming process. The advantages of bioethanol 
in contrast to other alcohols such as methanol, come from the 
fact that ethanol is easier to store because of its lower volatil- 
ity. The toxicity is an important aspect to be considered, on 
account of the fuel will be handled to be transported and in refu- 
elling operations. From this standpoint, ethanol presents much 
lower toxicity than other alcohols and fuels. Taking into con- 
sideration economical and logistic aspects, ethanol could be 
delivered in a distribution net similar to gasoline without any big 
changes [5]. The special characteristics of ethanol as an energy 
carrier could make the decentralized energy production easier, 
and could develop the local economy. An important problem 
to solve is to develop a specific ethanol reforming catalyst with 
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good skills in catalytic activity, selectivity, resistant to long-term 
operations. 

Most of the catalysts reported in bibliography are based 
in nickel and cobalt as active phase, most commonly used in 
methane steam reforming, reforming technology with higher 
development and implantation level, and copper for methanol 
reforming. Nickel is very efficient to activate C-C bonds, impor- 
tant aspect in heavier alcohol reforming [6,7]. Nickel on acid 
support such as alumina, usually presents initial high activities 
but diminishes progressively due to deactivation problems. To 
avoid this fact, some authors have used other supports such as 
MgO or have introduced alkaline precursors on alumina to neu- 
tralize the acid sites [8,9]. This improves the stability but do not 
overcome the deactivation problems. Other authors have tried to 
mitigate the catalyst deactivation by carbon deposition by using 
cobalt as active phase [10,11]. The use of noble metal such as 
Pt, Rh or Pd has been tested [7,12,13], but the possibility of 
applying this type of catalyst is really difficult on account of the 
high price for noble metal based catalysts. 

The aim of this work is to study the influence of nickel, 
cobalt and copper active phases supported on zirconia as well 
as the influence of zirconia structure, on catalytic activity for 
bioethanol steam reforming. Another goal is to try to overcome 
the problems associated to catalyst deactivation derived from 
surface acidity by using zirconia as support. In order to study its 
further implentation in a bioethanol processor, the response to 
long-term operation reaction experiments has been performed. 


2. Experimental 
2.1. Catalysis preparation 


Two zirconia supports: ZrO» and ZrO» stabilized with SiO2 
were prepared from hydroxide precursors by calcination at 
1073 K. The supports were heated at 5 K min”! to achieve the 
calcination set point and maintained 2 h at this temperature. 

To study the influence of the active phase on catalytic 
activity, three active phases were selected: Ni, Co, Cu. These 
active phases were impregnated by incipient wetness impreg- 
nation method with a nitrate aqueous metal solution on 
zirconia supports. Nitrate precursor salts were Ni(NO3)2-6H20, 
Co(NO3)2-6H20, Cu(NO3)2-3H20, respectively, supplied by 
Panreac. The impregnated catalyst samples were dried over night 
at 383 K and calcined at 1023 K in order to stabilize the active 
phase by removing the precursor salts. 

Therefore, two series of catalysts were prepared with an 
active phase nominal composition of 10 wt% on the two zir- 
conia supports, that were denoted as NiZr, CoZr, CuZr (Series 
1) and NiZrSi, CoZrSi, CuZrSi (Series 2), respectively. 


2.2. Characterization 


The chemical composition of the catalysts, was analysed by 
inductively coupled plasma atomic emission spectroscopy (ICP- 
AES), using an Optima 3300DV Perkin-Elmer equipment. 

Catalysts were characterized by XRD and the diffractograms 
were recorded following a step-scanning procedure (step-size 


0.02°, 29 scanning from 4° to 100° by a Seifert 3000P diffrac- 
tometer coupled to an acquisition data system). The samples 
were analysed between 4° and 100° by using the radiation Cu 
Ka (A =0.15481 nm). The identification of the crystallographic 
phases was performed by using the software PDFWIN. This 
software is based on diffraction data from International Centre 
for Diffraction Data. To calculate the particle size from XRD 
patterns, the Scherrer equation was applied. 

Nitrogen adsorption—desorption isotherms were obtained at 
77 K using an automatic system Micromeritcs ASAP 2100. The 
catalysts samples were previously out gassed at 423 K for 12h. 
BET surface areas were calculated from isotherms by adjusting 
to Brunauer-Emmet—Teller mathematical expression. 

Thermogravimetric experiments were performed with a 
Mettler-Toledo TGA/SDTA 851° thermobalance and experi- 
mental data were recorded with the software STAR 8.10. The 
catalyst samples were submitted to a reductive mixture H2/N2 
(40% H2) with a total flow 50cm? min~!. A nitrogen protective 
gas flow (50 cm? min” 1) was introduced in the thermobalance to 
perform the reduction experiments. The catalyst samples were 
heated to 1073 K at 10 K min™!. 


2.3. Reaction experiments 


The reaction apparatus is equipped with mass flow controllers 
to adjust the pre-treatment gas flow and an isocratic pump to 
control the liquid feed with a very good accuracy. A SCADA 
software for data acquisition and control for the different reac- 
tion parameters was designed. A catalyst sample (100 mg) was 
introduced in a quartz reactor with a 9.52 mm of external diam- 
eter. 

Chromatography was the analytical technique used to evalu- 
ate the composition of reaction products. To separate permanent 
gases (H2, CO, CO2 and CHa), a 5 Å molecular sieve was 
used, while hydrocarbons were separated in a Porapak Q 
column. The chromatograph (Agilent 6890 N) is equipped 
with TCD and FID detectors connected in line. In order to 
identify possible steam reforming by-products, a mass spec- 
trometer (Agilent 5973) connected to a GC chromatograph was 
used. 

The ratio steam/carbon was studied in the range 3.2-6.5, the 
gas hourly space velocity (GHSV) was fixed at 76,000h”! and 
the reaction temperature at 973 K. The experimental tests have 
been performed introducing bioethanol and water without a gas 
carrier in order to work in similar conditions expected in a real 
fuel processor. 

The parameters used to study the catalytic activity were 
ethanol conversion, denoted as XsoH, and product distribution 
denoted as Y;. These parameters were calculated by the following 
Egs. (1) and (2): 

mol EtOHin — mol EtOHout 


oe 100 1 
Es mol EtOH,, Él 1 


= x100 2) 


P; is the reaction products. 
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Gas hourly space velocity (GHSV) was calculated by the 
following mathematical equation (3): 


Q reactants 


sy REL (3) 
Vcatalytic bed 


3. Results 
3.1. Characterization 


Fig. la shows the nitrogen isotherm curve obtained for a 
zirconia sample at 77 K. The BET surface area calculated was 
25 m? g~!. Zirconia sample exhibits an isotherm curve type 
IV H2 following the IUPAC criteria, characterized by meso- 
pores. The hysteresis loop is associated to pore condensation. 
The porous distribution obtained presents two peaks at 34 and 
22 nm for adsorption—desorption, respectively, dimensions that 
correspond to the body and the inlet pore diameter, respec- 
tively (Fig. 1b). The pores volume obtained is 0.1960 cm? g~!. 
Fig. 2a represents the nitrogen isotherm curve obtained for a 
zirconia stabilized with silica at 77K. The BET surface area 
was 77 m? g”!. Zirconia stabilized sample presents an isotherm 
curve type IV H1. In this case, the pore diameter calculated is 
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Fig. 1. ZrO support: (a) nitrogen adsorption isotherm; (b) pore distribution. 
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Fig. 2. ZrO2-SiO) support: (a) nitrogen adsorption isotherm; (b) pore distribu- 
tion. 


4nm, much lower value compared to zirconia sample (Fig. 1b), 
and the pores volume 0.1235 cm? g”!, 
Figs. 3 and 4 show the XRD diffractograms that correspond 


to ZrO» supported catalysts (Series 1) and ZrO% stabilized with 


Intensity (a.u) 


Fig. 3. XRD diffraction pattern obtained on zirconia supported samples: (s* ) 
cubic Co203; (45) cubic NiO; (Y) CuO monoclinic. 
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Fig. 4. XRD diffraction pattern obtained on zirconia stabilized with silica sup- 
ported samples: (3% ) cubic Co203; (4 ) cubic NiO; (Y) CuO monoclinic. 


SiO» supported catalysts (Series 2), respectively. The diffraction 
peaks obtained for ZrO2 were assigned to a monoclinic struc- 
ture while the introduction of silica as stabilizer agent allowed 
obtaining a tetragonal structure. 

The high concentration of active phase used to prepare the 
catalyst samples (10%) allows detecting the diffraction peaks 
that correspond to nickel, cobalt and copper oxides, where dis- 
persions on zirconia (Series 1, Fig. 3) are not very high. On 
zirconia stabilized with silica (Fig. 4), the diffraction pattern 
shows higher particle size of nickel on the catalytic support, 
detected on account of the increase of the intensity of the peak 
assigned to nickel oxide. This presents a particle size of 30 nm 
(Table 1), very high value in comparison to copper particles 
(8nm). Nickel and cobalt catalysts (Series 2) present a parti- 
cle size higher than zirconia supported ones. Cobalt and copper 
oxides have been identified on zirconia stabilized support but the 
particle sizes for these samples are lower than for the nickel one, 
demonstrating that these samples present a higher dispersion. 

Table 2 summarizes the temperatures that correspond to mass 
loss associated to active phase reduction are presented for every 
catalyst sample studied in thermogravimetric experiments. On 
NiZr, two reduction steps have been identified. The lower tem- 
perature corresponds to NiO free particles reduction and the 
higher temperature correspond to particles that present more 
interaction with the support [14]. For NiZrSi only one peak is 
detected at an intermediate temperature, that can be assigned 
to a higher interaction degree of the NiO particles with the 
support. XRD experiments confirm the presence of NiO par- 
ticles of higher size (Table 1). For CoZr two peaks are detected 
(Table 2), the low temperature peak can be ascribed to surface 


Table 1 
Particle size calculated from XRD diffractograms 


Particle size (nm) 


Series 1 Series 2 
Nickel 20 31 
Cobalt 15 18 
Copper 17 8 


Table 2 
Temperature reduction obtained for catalyst samples in TG experiments 


Reduction temperature (°C) 


Series 1 Series 2 
: 643 
Nickel 823 703 
583 
Cobalt 623 658 
443 
Copper 498 508 


Co304 reduction while the high temperature peak corresponds 
to bulk reduction [15]. On CoZrSi only appears one reduction 
peak at higher temperature on account of a higher interaction 
with the support. For this sample it is detected a higher par- 
ticle size by XRD. On copper supported samples (CuZr), two 
reduction steps are detected that have been shifted to higher 
temperatures when copper is supported on zirconia stabilized 
with silica (CuZrSi). The lowest temperature peak is ascribed to 
highly dispersed copper oxide surface species, and the smaller 
the size of supported CuO particles, the easier they are reduced 
[16]. Rhodes and Bell [17] reported a greater interaction of cop- 
per oxide particles when are supported on tetragonal zirconia in 
comparison to monoclinic zirconia. 


3.2. Activity testing 


An important aspect to consider is not only the ethanol con- 
version but also the product distribution obtained for every 
catalyst studied. The increase in the number of carbon atoms in 
heavier alcohols introduces more complex pathways in reaction 
reforming mechanism and increases the number of by-products 
that it is possible to obtain. Fig. 5 compiles the product dis- 
tribution obtained for Series 1. While NiZr and CoZr present 
high selectivity to hydrogen (>70%) (Fig. 5a), CuZr presents a 
selectivity to hydrogen lower than 40%. The presence of carbon 
monoxide (Fig. 5c) and methane (Fig. 5d) as reaction interme- 
diates indicates the progress degree of the reforming process. 
From this standpoint carbon dioxide concentration close to 18% 
in the case of NiZr or CoZr indicates the progress of reform- 
ing and water gas shift reactions to obtain hydrogen and carbon 
dioxide as final products (Fig. 5b). The key to understand these 
results is obtained in Fig. 6 where the content of reaction by- 
products is represented. It is remarkable the presence of ethylene 
in product distribution for CuZr (Fig. 6a). In addition, the selec- 
tivity to acetaldehyde for CuZr achieves 30% (Fig. 6b) while the 
selectivity for NiZr and CoZr is negligible. 

Fig. 7a represents the ethanol conversion versus time for 
nickel, cobalt and copper catalyst supported on zirconia at 
700 °C, atmospheric pressure, and S/C ratio 4.8 during 15 h. It is 
noteworthy the total conversion obtained for nickel and cobalt 
catalysts, while for the copper ones, ethanol conversion starts 
to decrease when the catalyst sample is submitted to operation 
conditions. 

Fig. 7b represents the ratio mol H2/mol EtOH obtained ver- 
sus time for the different catalysts supported on zirconia. NiZr 
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Fig. 5. Product distribution obtained for Series 1 catalysts: (a) hydrogen; (b) carbon dioxide; (c) carbon monoxide; (d) methane. (M) NiZr, (O) CoZr, (A ) CuZr. 


exhibits the highest efficiency. It is noteworthy that the value 
obtained by NiZr achieves 4.5 mol H2/mol of ethanol fed to the 
reactor. This result represents an efficiency close to 81%, related 
to the equilibrium prediction for this reaction conditions, and it 
is in good agreement with the absence of by-product, opposite 
to CuZr catalyst which exhibits low hydrogen production effi- 
ciency. After 15 hin reaction mixture, nickel and cobalt catalysts 
exhibited a great stability. 

For catalysts supported on zirconia stabilized with silica 
(Series 2), NiZrSi and CoZrSi catalysts achieve total ethanol 
conversion in the time range studied, while CuZrSi scarcely 
achieves 50% (Fig. 10a). This fact has a direct influence in 
product distribution (Figs. 8 and 9). For nickel and cobalt cat- 
alysts, hydrogen selectivity achieves values higher than 70% 
(Fig. 8a), that indicates the high progress degree of reforming 
process. This fact is demonstrable by analysing the selectivity 
to carbon dioxide and methane (Fig. 8b and d) that achieves 
values close to 20% and 4%, respectively. On the other hand, 
the selectivity to hydrogen for CuZrSi catalyst is really low 
and scarcely achieves 50%, value that was decreasing ver- 
sus reaction time. This value is influenced by the presence 
of acetaldehyde in the by-product distribution (Fig. 9). It is 


a remarkable fact that the selectivity to ethylene achieves 8% 
(Fig. 9a). 

The efficiency to hydrogen production is directly related to 
the product distribution. The use of zirconia stabilized with silica 
has diminished the hydrogen production from 4.5 mol H2/mol 
EtOH for NiZr to 4 for NiZrSi. Similar result was obtained 
for CoZrSi, where hydrogen production was diminished from 
4 mol H2/mol EtOH for CoZr to 3.5 for CoZrSi (Fig. 10b). 


4. Discussion 


Ethanol steam reforming is a very complex reaction system 
where many reactions can take part in reaction mechanism [18]. 
At high temperature and water presence, ethanol can be dehy- 
drogenated to produce acetaldehyde or dehydrated to produce 
ethylene as intermediate reaction products. It is observed that 
for copper supported catalysts, the main by-product obtained 
is acetaldehyde that comes from ethanol dehydrogenation 
(Figs. 6b and 9b). Goula et al. [19] demonstrated that ethanol 
dehydrogenation is feasible without catalyst by homogeneous 
reaction performed in a quartz tube reactor. Comás et al. [20] 
over Ni-Cu/Al)205 catalyst demonstrated that ethanol reforming 
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Fig. 6. By-product distribution obtained for Series 1 catalysts: (a) ethylene; (b) 
acetaldehyde. (Ml) NiZr; (O) CoZr; (A ) CuZr. 


proceeds via dehydrogenation reaction to obtain acetaldehyde. 
Acetaldehyde by decarbonylation reaction is transformed in 
methane, which is reformed to produce hydrogen and carbon 
monoxide. Mariño et al. [9] reported that the role of copper 
phase is to promote ethanol dehydrogenation and the nickel role 
is to activate acetaldehyde C-C bond to produce methane and 
carbon monoxide. 

Results not presented showed that the increase of GHSV 
on nickel and cobalt catalysts improves the selectivity to 
acetaldehyde. This fact demonstrates that acetaldehyde is a 
reaction intermediate in nickel and cobalt zirconia supported 
catalysts. 

In addition, copper based catalysts favour dehydration reac- 
tion to produce ethylene, fact detectable in Figs. 6a and 9a, 
where the evolution of ethylene content for the different catalysts 
studied is represented. Ethylene presence is associated to char- 
acteristic acid sites of alumina [21,23]. In this case, the increase 
of zirconia surface acidity by silica addition, improves ethylene 
production in copper supported catalysts (Fig. 9a). On the other 
hand, nickel and cobalt supported catalysts do not show ethylene 
in the product distribution, compound that could be reformed to 
produce methane, carbon dioxide and water [20]. 
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Fig. 7. Ethanol conversion (a) and H2/EtOH ratio (b) for Series 1 catalysts: (W) 
NiZr; (O) CoZr; (A ) CuZr. 


Other important aspect is the support selection. Some authors 
have determined that the acidity of the support is a funda- 
mental aspect to avoid dehydration reaction that can promote 
important deactivation processes by deposition of carbon on 
the active phase. Carbon is produced by ethylene decom- 
position or the Boudouard reaction [8]. Some authors have 
tried to modify the support surface acidity by introduction of 
alkaline modifiers such as potassium hydroxide deposited on 
alumina or MgO [6,9]. Other authors have prepared catalysts 
with basic support such as magnesium oxide [22,23] or zinc 
oxides [24], improving the catalyst behaviour to deactivation 
processes. 

The addition of silica stabilizes the tetragonal phase that is 
observed in diffractograms obtained (Fig. 4) in comparison with 
non-stabilized zirconia which presents a monoclinic structure 
(Fig. 3). Nitrogen isotherm obtained at 77 K shows an increase 
of specific area for stabilized zirconia and diminishes the pore 
size obtained. The silica addition not only modifies the crystal 
structure and textural properties but also improves the surface 
acidity, remarkable aspect studied in bibliography. It is notewor- 
thy that the catalysts supported on zirconia (Series 1) present 
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Fig. 8. Product distribution obtained for Series 2 catalysts: (a) hydrogen; (b) carbon dioxide; (c) carbon monoxide; (d) methane. (W) NiZrSi; (O) CoZrSi; (A ) 


CuZrSi. 


more efficiency to hydrogen production than zirconia stabilized 
with silica supported ones (Series 2). 

Itis observed that nickel supported catalysts exhibit more effi- 
ciency in hydrogen production (Fig. 7b) than cobalt supported 
ones. Several factors contribute to this fact: a low methane con- 
centration in the products distribution, and higher contribution 
of water gas shift reaction, feasible in this type of catalysts. The 
presence of methane in the products distribution could have the 
origin in methanation reaction of carbon monoxide or carbon 
dioxide, that consumes 3-4 mol H>/mol of carbon monoxide 
or carbon dioxide converted [8], or due to a lower shift of 
methane reforming reaction, reaction considered in the most of 
reaction mechanisms proposed for ethanol reforming [18,25]. 
Carbon monoxide hydrogenation is a reaction specially favoured 
at high temperature. This is a considerable reaction pathway 
when catalyst constitutes a high size catalytic bed, where ther- 
mal gradients presented are important due to the great ethanol 
reforming endothermicity. Nevertheless, this factor is negligible 
for the experimental conditions used in this study. 

In this case, the water gas shift contribution is low, fact 
observed by comparison of carbon monoxide concentration 
for nickel and cobalt supported catalysts (Fig. 5c). Therefore, 


the methane is a reaction intermediate produced by acetalde- 
hyde decarbonylation reaction. Methyl species adsorbed on the 
active phase can react to produce hydrogen and carbon monox- 
ide. From this standpoint nickel supported catalysts are more 
active for methane reforming than cobalt ones (Figs. 5d and 8d). 
Nevertheless, Freni et al. [26] reported that Co/MgO was very 
active for methanation reaction in comparison to Ni/MgO. The 
cobalt properties are modified by support interaction [27]. From 
this standpoint, alumina suppresses methanation reaction and 
improves hydrogen production in comparison to cobalt sup- 
ported on alumina. 


4.1. Ageing experiments 


An important experimental parameter to consider in 
bioethanol steam reforming is the influence of the ratio S/C in 
the steam reforming performance [28]. In this way, to vapor- 
ize water and increase the temperature to achieve the reforming 
temperature is a process that can limit energy efficiency of the 
ethanol reforming process. loanides [29] carried out a themody- 
namic study to evaluate the influence of S/C ratio in hydrogen 
production and reported that the limit S/C ratio to perform the 
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Fig. 9. By-product distribution obtained for Series 2 catalysts: (a) ethylene; (b) 
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ethanol steam reforming advantageously is 3. On the other hand, 
the decrease of the ratio S/C is limited by the carbon deposition 
phenomena on the active phase, responsible of deactivation pro- 
cesses in reforming catalysts. Fig. 11 shows the influence of 
the ratio S/C in NiZrSi catalytic performance. As thermody- 
namic equilibrium predicts a decrease in S/C ratio produces an 
increase in carbon monoxide concentration to achieve values 
close to 10% [30]. The increase of S/C ratio usually enhances 
methane reforming [29], nevertheless, the results obtained for 
NiZrSi, the influence of S/C ratio in methane product distribu- 
tion is negligible. The main effect of S/C ratio diminish in NiZrSi 
is a lower participation of water gas shift reaction, that conduces 
to low carbon dioxide concentration and therefore the hydrogen 
concentration in the final product distribution is diminished. 
The optimal S/C ratio to perform the ethanol reforming is 
conditioned to the final application where hydrogen needs to 
be supplied. For instance, for high, medium or low temperature 
fuel cell, the request for the final carbon monoxide concentration 
obtained in a fuel processor will be different. While high tem- 
perature fuel cells (SOFC, MCFC) are tolerant to high carbon 
monoxide concentration, low temperature fuel cell (PEMFC) 


a” as AS Arma, 
A AA AAA, 
ALAS AAA AAA 


0 2 4 6 8 10 12 14 16 18 
time (h) 


(b) 


4 "a > | B. 
_o-0-0-0- AE 
-0-0-0 


-u-u 


A NA 


H,/EtOH ratio 


A Aaa poe an aa naa aay 


0 2 4 6 8 10 12 14 16 18 
time (h) 


Fig. 10. Ethanol conversion (a) and H2/EtOH ratio (b) for Series 2 catalysts: 
(W) NiZrSi; (O) CoZrSi; (A ) CuZrSi. 


must to operate with carbon monoxide concentration lower than 
50 ppm. A high carbon monoxide concentration in the reformate 
stream must increase the dimension of water gas shift reactors 
to achieve an optimum carbon monoxide concentration (<1%) 
in order to perform the preferential oxidation stage. 
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Fig. 11. Influence of S/C ratio on product distribution, ethanol conversion and 
hydrogen/ethanol ratio obtained on NiZrSi: (MW) S/C =3.2; (B) S/C=4.8; @) 
S/C=6.5. 
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Fig. 12. Ethanol conversion and H2/EtOH ratio obtained in long-term reaction 
experiments on NiZrSi. (MW) ethanol conversion; (O) hydrogen/ethanol ratio. 


An important aspect to solve in heavier alcohol reforming 
is the resistance of the catalyst to deactivation processes. Low 
S/C in addition to high operation time produces catalyst deacti- 
vation. In literature there are few papers that present long-term 
catalytic tests to evaluate the resistance [19,30,31]. Fig. 12 shows 
the evolution of ethanol conversion and H2/EtOH ratio obtained 
for NiZrSi catalyst operating at 973 K and S/C =3.2. Catalyst 
presented 100% of ethanol conversion and very high hydrogen 
production, obtaining more than 4.5 mol H2/mol of ethanol fed 
to the reactor. It is noteworthy the stability of NiZrSi catalyst 
after 60h in reaction conditions with a really low S/C ratio, 
close to thermodynamic values where the carbon deposition is 
feasible. The product distribution obtained (Fig. 13) presents 
hydrogen concentrations higher than 70% in the time range stud- 
ied. Two factors are responsible for this efficiency: low methane 
concentration presented in the product distribution due to the 
great progress of methane reforming and water gas shift reac- 
tions that enhance the final concentration of hydrogen and carbon 
dioxide. 
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Fig. 13. Products distribution obtained in long-term reaction experiments on 
NiZrSi: (Œ) hydrogen; (O) carbon monoxide; (M) methane; (E) carbon dioxide. 


5. Conclusions 


The results obtained demonstrate that ethanol reforming 
presents a reaction mechanism where many by-products can 
be obtained. The election of the active phase determines the 
reaction pathway and therefore the products obtained in reform- 
ing process. Experimental results show that nickel and cobalt 
supported on zirconia exhibits high catalytic activity and sta- 
bility for ethanol steam reaction without by-products. On the 
other hand, copper supported on zirconia exhibits high activity to 
ethanol dehydrogenation to yield acetaldehyde, being presented 
in products distribution ethylene that proceeds from ethanol 
dehydrogenation. 

Opposite to acid supports such as alumina, the use of zirconia 
avoids ethylene production via ethanol dehydratation and its 
final decomposition to carbon on the active phase. 

It is noteworthy the activity and stability of NiZrSi catalyst 
after 60h in operation conditions at S/C ratio as low as 3.2, 
without deactivation signs and very high hydrogen production 
(4.5 mol H2/mol EtOH). The results obtained in a long-term 
experiment, allows conclude the possibility of applying this 
catalyst in an ethanol processor to supply hydrogen to a fuel 
cell. 
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